MEGARA is a multi-object spectrograph project for the 10.4m Gran Telescopio Canarias with medium to high resolution: R ~ 5600 -17000. The instrument operates in three modes that cover different sky areas and that can run simultaneously: (1) the compact mode through a large central Integral Field Unit with minimum fiber pitch, covering a field of view on sky of 12 arcsec x 14 arcsec, (2) the sparse mode with fibers covering 1 arcmin x 1arcmin in three pointings and (3) the dispersed mode with a grid of nearly 100 robotics positioners able to place 7-fiber minibundles over a large field of view of 3.5 arcmin x 3.5 arcmin. The spectrograph is composed by a pseudo-slit, where the fibers are placed simulating a long slit; a slit shutter is placed just behind the pseudo-slit, a collimator, a 162mm pupil where the volume phase holographic gratings are placed, and the camera with the detector. Here we describe the spectrograph optical rationale, the conceptual optical design and the expected system performance.
INTRODUCTION
MEGARA stands for "Multi-Espectrógrafo en GTC de Alta Resolución para Astronomía" and meets the requirements of the Announcement of Opportunity for the new instrumentation for the Gran Telescopio Canarias, issued by GRANTECAN on September 14 th , 2009. It is an instrument project lead by the Universidad Complutense Madrid (UCM) in partnership with the Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE), the Instituto de Astrofísica de Andalucía (IAA) and the Universidad Politécnica de Madrid (UPM). INAOE will develop this project in collaboration with the Centro de Investigaciones en Óptica (CIO). The scientific motivations of the MEGARA science team members can be grouped in two categories: (1) the study of Galactic and extragalactic nebulae and (2) the study of (or close to) point-sources with intermediate-to-high surface density. Among the former, our interests include the study of nearby galaxies or planetary nebulae and among the latter Galactic open stellar clusters, stellar populations in local group galaxies, intermediate-redshift dwarf and starburst galaxies and high redshift galaxy clusters are the main subject of our research activities. The fact that the MEGARA science team encompasses researchers with such a broad range of scientific interests also guarantees that the instrument will successfully serve to the much broader interest of the astronomical communities of the GTC consortium members. What is common to all our scientific interests is the need for an intermediate to high spectral resolution, in the range of R ≈ 5600 -17000.
The instrument operates in three modes that cover different sky areas and that can run simultaneously: (1) the compact mode through a large central Integral Field Unit (IFU) with minimum fiber pitch, covering a field of view (FOV) on sky of 12 x 14 arcsec 2 ; (2) the sparse mode with fibers covering 1 x1 arcmin 2 in three pointings and (3) the dispersed mode with a grid of nearly 100 robotics positioners able to place 7-fiber minibundles over a large field of view of 3.5 x 3.5 arcmin 2 to carry out multi-object spectroscopy (MOS). All the fiber bundles are placed on the folded-Cassegrain focal station and are coupled to identical microlenses that convert the GTC f/17 into the f/3 beam needed for an optimum use of the fibers by minimizing the focal ratio degradation (FRD). All the bundles, one for the compact mode, one for the sparse mode and six for the dispersed mode, go to optically identical spectrographs placed on the Nasmyth platform. The spectrograph is composed by a pseudo-slit, where the fibers are placed simulating a long slit; a slit shutter is placed just behind the pseudo-slit, a collimator, a 162mm pupil where the volume phase holographic (VPH) gratings are placed, and the camera with the detector. The optics manufacturing will be carried out at INAOE & CIO. Here we present the high level requirements, the design rationality and the final optical conceptual design. This design is being revised as part of the Preliminary Design Phase.
OPTICAL DESIGN

Design rationale
The main characteristics of the spectrograph and the high level requirements are summarized in Table 1 . With these requirements we developed the following design rationale. Table 1 . A subset of MEGARA main characteristics and spectrograph high level requirements (RQ).
Plate scale: the plate scale sets the fcoll/fcam ratio. As 0.685" has selected on the sky and the spectral element is required to be sampled with 4 pixels, we have considered the 0.685" projected in 4 pixels giving a final plate scale of 0.171 arcsec/pixel on the detector. Scale reduction factor: we will project the 100 µm fiber size core in 3.33 pixels by design. As the pixel size is 15µm, 3.3 pixels are 50µm, what implies a scale reduction between the telescope focal plane and the detector of a factor of 2. This factor will fix the ratio between the f-numbers of collimator and camera.
Collimator f-number: the spectrograph entrance f-number is chosen to minimize the FDR of the fiber link, thus f/3 is used at the entrance and exit of the fiber becoming the collimator f-number.
Camera f-number: since the ratio between the f-number of the collimator and the f-number of the camera is 2 and the fnumber of collimator is 3 then the f-number of the camera 1.5 what is feasible. Faster (smaller) f-numbers for the camera become very difficult for such a large and complex camera.
Pupil size: the FOV will limit the minimum pupil size. As we move to wider FOV the total focal length of the collimator and camera has to be increased in order to maintain the image quality. With the current experience filling 2K pixels in the spatial direction will require a minimum pupil size of 80mm and filling 4K pixels in spatial direction will require a minimum of 160mm pupil in order to manage field aberrations. This pupil size has been taken as reference for this design and th 162mm pupil Spectral reso will shorten t the resolution resolution tw The first one resolution (H The second o element but solutions, we
Spectral reso
The grating e grating, λ is performance This means th low AOI on t All these previous options share the same optical design regarding the collimator and camera design. However, some differences are found regarding the gratings, and we have analyzed them in order to arrive to the current configuration leading us to conclude that option (c) is the best one but even in this case we have to propose a novel design for the highest resolution mode based on segmented pupil gratings discussed in [1] .
Spectral elements: the VPHs are proposed as the spectral dispersers of the instrument. Ruled gratings are not available with the number of lines/mm required while surface holographic gratings are not so efficient. Moreover, transmission gratings are preferred over reflective ones because of the smaller size of the camera optics, as because in this case the camera elements can be located very close to the dispersive element.
In the VPHs, the index pattern (hologram) is photo-recorded in a dichromate gelatin. The hologram parameters, lines/mm and AOI on the grating, give the wavelength that meets the Bragg condition. These values provide the required resolutions for the proposed gratings. The hologram thickness can be tuned to avoid a high dependence in the efficiency when out of the Littrow angle [2] .
The angle of incidence within the gelatin is given by the standard grating equation. Where m=1 is the order, λ is the Bragg wavelength, d is the grating spacing, and n=1.27 is the gelatin index:
The overall geometry implies that the required working angles will be around 26º in the LR and around 70º in the HR. In order to change the AOI from a fixed geometry to the different angles required, prisms are used, the grating will be sandwiched inside. The prism material will depend on the grating AOI. When the light goes from the gelatin to the material substrate or vice versa, we apply the Snell law:
Spectral resolution and fiber size: there is another way of changing the spectral resolution and this is by using different fiber sizes for different resolutions. For example if we use 100 µm core fibers for R=10000 (projecting 1 fiber on 4 pixels) and 50 µm for R=20000 (projecting 1 fiber on 2 pixels) we could have both resolutions with the same diffraction element. However, we have discarded this solution since of the most important scientific requirements is the use of the same type of fibers to have the same spaxel on sky with all the resolutions. Moreover, the plate scale on the sky covered by a 50 µm fiber is very small (0.3 arcsec) what implying a sub-seeing sampling and a much lower sky coverage, which is one of the most important scientific requirement.
Final spectrograph conceptual design
After studying different configurations during the Feasibility Study we decided to choose a fully refractive system for the spectrograph. The spectrograph is composed by a pseudo-slit, where the fibers are placed simulating a long slit. A slit shutter is placed just behind the pseudo-slit. A collimator is composed by five lenses: one singlet and two doublets being these two doublets mounted on a linear stage that will be the focusing mechanism. The pupil has 162mm diameter and it is the location for the VPH-gratings. In the current conceptual design we propose to mount the order sorting filter when needed together with the grating in the opto-mechanical mount. Once the beam passes through the grating it goes to the camera, composed by two doublets and three singlets, and then to the detector. We are considering that the last lens is also the cryostat window. The MEGARA team has experience with this configuration that offers the advantage of increasing the throughput by saving two surfaces. The main properties of the different spectrograph subsystems with optical functionality are the followings: Pseudo-Slit: the length of the slit is 122mm. The fiber pseudo-slit is curved on a sphere surface of radius of curvature of 500mm. Several ways of doing the pseudo-slit have been discussed with the potential providers and the final pitch will be the one more similar to the requirement (178µm). The current baseline could imply a reduction of this value up to 170µm, coincident with the fiber mechanical coating, what is acceptable. The final number of fibers in the pseudo-slit will be decided in the next phase but we will have a number between 682 and 717 fibers.
Collimator: the collimator is composed by a singlet and two doublets as seen in Fig 2 with a focal Pupil: the pupil size is 162mm and the gratings will be located in this position.
Geometry: fixed at 68º between collimator and camera.
Camera: the camera is composed by two doublets and 3 singlets as seen in Figure 3 . The focal length is 243mm. It is a refractive design with a f-number 1.5. The image field is 61.4mm x 61.4mm covering 4K x 4K pixels.The characteristics of the camera lenses are summarized in table 3. The total expected transmission of the optical system, excluding the pupil elements, is shown in Figure 4 . It was calculated assuming antireflection coatings at the interfaces glass/air of 1.5%, perfect interfaces between glasses and considering the internal transmission of the glasses provided by Zemax.
Pupil elements: different types of pupil elements, all of them based on VPH-type gratings, can be accommodated in the pupil position to provide the different spectral modes, with resolution power ranging between 5600 and 17000. LR units can be built with simple gratings sandwiched between two flat windows; mid units are provided with the gratings sandwiched between two symmetric prisms that allow the beam to incident on the VPH. However, for the HR mode the prisms would be so heavy and thick that would make them inefficient. For this reason and in order to provide the wide resolution range required we developed the concept of a sliced pupil grating, the details are discussed in [1] . Figures 5 and 6 show different configurations for LR, mid-resolution (MR) and HR. that we will be able to iterate with the optical designer to achieve the finest equilibrium between an excellent performance and optimum manufacturing process. 
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CONCLUSIONS
We developed an optical design that fulfills all the scientific requirements. The design is consistent with an f/3 fiber fed spectrograph, projected onto a 4k x 4k detector and with a resolution element of 4 pixels. The design is based on a collimator-camera design with a fixed angle between two elements, what has been chosen to allow the wide spectral resolution range required in the scientific requirements. The presented design covers a range between R = 5600 and 17000 what has been optimized according to: (a) GTC requirements, (b) the science team requirements and (c) the need of using a single detector in each spectrograph, what has been considered a design requirement.
Spectral resolution is done through VPH gratings. These VPH gratings will be sandwiched between two flat windows (in the LR mode at R=5600) and two prisms (in the MR mode at R=10.000). In the case of the HR mode our baseline is to use a sandwich between two prisms each side, using our novel design of sliced pupil gratings [1] .
All the modes have room enough in the Image Quality Error Budget to assure that the high level scientific requirements will be fulfilled. Evaluation has been done for all VPHs defined by the scientific requirements and along the whole wavelength range and spatial distribution along the pseudo-slit. Finally, all blanks have quite standard sizes. We will review all materials in the Preliminary Design Phase to assure blanks availability and to improve the performance.
